ABSTRACT: Occasional, large amplitude flexibility in metal−organic frameworks (MOFs) is one of the most intriguing recent discoveries in chemistry and material science. Yet, there is at present no theoretical framework that permits the identification of flexible structures in the rapidly expanding universe of MOFs. Here, we propose a simple method to predict whether a MOF is flexible, based on treating it as a system of rigid elements, connected by hinges. This proposition is correct in application to MOFs based on rigid carboxylate linkers. We validate the method by correctly classifying known experimental MOFs into rigid and flexible groups. Applied to hypothetical MOFs, the method reveals an abundance of flexibility phenomena, and this seems to be at odds with the proportion of flexible structures among experimentally known MOFs. We speculate that the flexibility of a MOF may constitute an intrinsic impediment on its experimental realization. This highlights the importance of systematic prediction of large amplitude flexibility regimes in MOFs. F lexibility of metal−organic frameworks (MOFs) has evolved from a curiosity to an integral part of MOF chemistry.
F lexibility of metal−organic frameworks (MOFs) has evolved from a curiosity to an integral part of MOF chemistry.
1,2 Indeed, over the years an increasing number of MOFs have been discovered which exhibit a diverse range of conformational effects, from negative thermal expansion to large amplitude reversible deformations, such as breathing effects and swelling. 3−6 The interest in flexibility is motivated by its potential exploitation in developing stimuli-responsive MOFs for controlled drug release and sensing applications. 7, 8 In other applications, such as industrial adsorption separation processes, excessive deformation of adsorbents may not be desirable, as this would lead to attrition and eventual disintegration of the adsorbent. These applications rely on a fundamental understanding of the molecular factors that determine the flexibility of MOFs. The current practice to discover flexibility of novel structures is through experiments. Depending on the material, chemical (adsorption), thermal, or mechanical external stimuli are applied to induce deformations, with several complementary techniques employed to understand the elastic response of a MOF. 6 ,9−15 Molecular simulations using atomistic force fields or ab initio quantum mechanical calculations have been extremely helpful in explaining flexibility effects, 6 ,15−21 but these methods typically require prior knowledge of modes of flexibility from experiments. Given the large number of experimentally known MOFs and virtually infinite number of hypothetical structures, current theoretical methods seem impracticable for high-throughput predictive analysis. Is it possible to predict or anticipate large flexibility effects in a MOF simply from its crystal topology?
In this work we develop a simple and computationally efficient method to address this challenge. The central proposition is that the structure of MOFs can be considered as a mechanical network of rigid bodies, connected by flexible joints, and that large scale flexibility in MOFs is governed by the cooperative effects in this network. Below we demonstrate the accuracy of this proposition in application to the most common class of MOFs based on carboxylate linkers; however the proposed approach is very general and can be easily extended to other classes of MOFs.
Indeed, many MOFs are metal−oxygen clusters connected via organic linkers. Clusters and linkers can be viewed as relatively rigid elements. However, at the point where these elements are connected to each other, they retain some degree of freedom. In the terminology of Feŕey and Serre, these connections are called "weak points", and for the MOF crystal to be flexible, certain symmetry in their location must be obeyed. 2 In order to construct mechanical models of MOFs, the properties of the connection between rigid elements must be correctly represented.
Consider a single crystal cage of IRMOF-1 (Figure 1 ), consisting of octahedral secondary building units (SBUs) of four ZnO 4 tetrahedra, connected by benzene dicarboxylate (BDC) linkers. In the reduced topological representation of Yaghi et al., 22, 23 IRMOF-1 consists of vertices with six extension points linked by bars (Figure 1 ). This approach makes it possible to classify MOFs by their topology, but it does not distinguish the nature of the connections.
Investigating these connections in more detail, two oxygen atoms and the carbon atom of the linker form a rigid triangular structure, which can rotate (within certain limits) around the axis linking the oxygen atoms (Figures 1 and S1 ). In mechanical engineering terms this connection is called a hinge, and it constraints the movement of the linker to a plane. Therefore, flexibility (or lack thereof) of a MOF can be assessed by analyzing its structure as a system of rigid elements connected by hinges.
From the mechanical point of view the simplest rigid element is a triangle, while in civil engineering, this element is called a truss, and the structural stability of an object, such as a bridge, can be reduced to the analysis of a system of trusses. Taking inspiration from both mechanical and civil engineering, we developed an algorithm to reduce MOFs to a system of molecular trusses. Two rigid elements, built from trusses, which share a common edge form a hinge connection and can rotate with respect to one another ( Figure S2 ). We use the term "truss network" to describe a complete structure of a MOF. To visualize this concept, we can also construct an equivalent network by replacing the SBUs and linkers with rigid bodies connected by hinges. This "mechanical toy" representation is extremely helpful in explaining the principles of the approach here, as one can apply the deformation by hand.
For example, Figure 1 shows a single cage of IRMOF-1 in the mechanical representation. The red cubes represent the SBUs and the blue rods the carboxylic linkers. The linkers connect to the red cubes via hinges oriented at 45°with respect to the face of the IRMOF-1 cage. A single face of the IRMOF-1 cage, comprising four SBUs and four linkers, is very flexible in 3D (see Supporting Information, SI). Assembled together, however, the faces form a rigid three-dimensional network ( Figure 1 ). Since each hinge restricts movement of the linkers to a plane, with all the hinges oriented at an angle to the faces of the cage they form a set of mutually exclusive degrees of freedom, which makes the structure rigid as a whole.
In the IRMOF-1−16 series of materials the topology of the structure and the metal cluster remain the same and only the linker changes. 24 In our mechanical representation all these materials map onto the same truss network, hence establishing the rigidity of this whole class of MOFs.
In another example, the structure of MIL-53 can be considered as a system of metal−organic chains, connected by BDC linkers. As shown in Figure S7 , in the mechanical representation, metal−oxygen chains become red rods and linkers become blue rods, attached to red rods by hinges. Within this structure the hinges are oriented parallel to one another. This allows concerted movement of all linkers in the same plane, resulting in high flexibility and the large breathing transitions observed in MIL-53. 5 In the high-throughput flexibility analysis implemented here, the crystal structure of a MOF is, first, reduced to a system of molecular trusses, preserving periodic boundary conditions. Details of this procedure and examples of such mappings are provided in the SI file. Second, we analyze available conformations of the truss network, compatible with physically meaningful deformations. For this, bonds of the molecular trusses are described as stiff harmonic springs. The unit cell of the truss network is perturbed according to one of several available regimes, such as linear compression, shear deforma- tion, or a combination thereof. This perturbation is described by the order parameter, d, which characterizes the deviation of the lattice parameter(s) of the unit cell from the original value(s). Steepest descent energy minimization is used to find the conformation of the network within the deformed unit cell. A flexible network, compatible with a particular deformation mode, should exhibit a very small energy penalty. By contrast, a rigid network will only be able to adopt the new shape through substantial expansion (contraction) of the links, associated with a large energy penalty.
This approach constitutes a computationally efficient and force field-independent framework, within which flexibility of various classes of MOFs can be enumerated. To demonstrate this, in the SI file we return to the example of MIL-53 ( Figure  S11 ). We show typical responses of the energy penalty when the system behaves as a rigid structure in response to shear by changing the α angle of the unit cell, and when it is able to flex under compression−expansion of the b lattice vector with a simultaneous relaxation of the c lattice vector.
The complete set of 13 deformation regimes explored includes a separate perturbation of each lattice parameter of the unit cell and combinations of perturbations, summarized in the SI file. Within this approach, IRMOF-1, HKUST-1 (subtle negative thermal expansion effects in HKUST-1 are beyond the scope or resolution of the simplified approach here), MOF-180, MIL-74, MOF-36, and NU-110 have been correctly identified as rigid whereas MIL-47 and MIL-53 showed the expected large amplitude flexible modes (see Table S6 ). It is important to note here that our approach is meant to detect potential flexibility only, while molecular details and energy landscape of the deformations should be properly investigated in the follow-up quantum mechanical studies. For example, although MIL-47, MIL-53, and Co(1,4-benzenedipyrazolate) are topologically similar, their experimentally observed behavior is quite different. MIL-47 does not exhibit breathing behavior upon adsorption, whereas MIL-53 does and Co(1,4-benzenedipyrazolate) is uniquely capable of a five-step breathing transition upon nitrogen adsorption. 25 These differences are beyond the scope of the approach here.
MIL-53 nicely illustrates the concept, but this example is also somewhat deceptive, as in this case the topology is sufficiently simple to anticipate the cooperative effects directly from its visual inspection (one may think of so-called "wine rack" model in the terminology of Coudert et al.). 26 For other materials this is not so straightforward. For example, a combination of powder diffraction experiments and modeling was required to explain large-scale swelling in the MIL-88 family of materials. 6, 27 As seen from the schematic depiction in Figure  2A , MIL-88B consists of trimers of metallic octahedra joined by carboxylate organic linkers. All structures within the MIL-88 series share the same pore topology. Along the c (z) axis of the unit cell, MIL-88B features a hexagonal arrangement of narrow pores. Viewed along the crystallographic b axis (Figure 2A,  right) , the structure can be seen as a system of triangular bipyramids, whose vertices are trimers of the metallic octahedra and whose edges are carboxylate linkers. Taking our mechanical point of view, the observed flexibility can be explained using a model of a single bipyramid, where vertices and linkers are represented as rigid bodies connected by hinges (Figure 2A ). This mechanical model can be easily squeezed or stretched along the axis connecting the two extreme tips of the bipyramid. During this process the other three vertices forming the face shared by the pyramids remain in the same plane but are either drawn further apart or brought closer together, respectively.
Deformation analysis of a complete periodic system of molecular trusses of MIL-88 topology captures this behavior automatically. From Figure 2B , MIL-88 shows clear flexibility under isotropic compression−expansion of a and b lattice vectors with simultaneous relaxation of the system in c. In addition, Figure S14 shows changes in the lattice vector c and volume of the unit cell (normalized with the values of these parameters in the initial crystallographic structure) as a function of normalized lattice vector a. Indeed, as the system is squeezed along the a and b vectors it slightly expands in c. In the same graph we also plot the experimental data for MIL-88A, from the original study of Mellot-Draznieks et al. 6 The agreement between the data illustrates that the swelling behavior of the crystal cell can be predicted with high accuracy based on purely mechanical grounds, as was previously noted by Feŕey and Serre. 2 Experimental studies on MOFs with tailored mechanics have already started to emerge. 28, 29 Our algorithm can be used to guide the design of MOFs with specific rigidity properties. To illustrate its practical importance, it is instructive to revisit the computational enumeration and screening of MOFs for methane storage as pioneered by Wilmer et al. 30 Again, for methane storage large amplitude flexibility may not be desirable, as this would also lead to material attrition and substantially complicate the design of storage tanks. Our analysis extended to the proposed top 50 MOFs with the highest volumetric storage suggests, surprisingly, that only one is rigid (see SI).
This result poses the intriguing question of how common flexibility is in MOFs. Is the substantial presence of flexible structures in the database of Wilmer et al. a result of a rather small number of underlying nets as has been recently discussed? 31 To answer this question, we utilized experimentally realized metal clusters and carboxylate linkers of the required coordination to assemble hypothetical MOFs within 13 high-symmetry topologies, as suggested by DelgadoFriedrichs et al. 32, 33 Our analysis (Table 1 , details in SI) showed that out of 13 hypothetical MOFs, only 4 were properly rigid, whereas 7 were flexible and 2 showed signs of limited flexibility. Visualization of the flexible modes suggests that they can be surprisingly complex, and it would be nearly impossible to anticipate them simply from visual inspection of the crystal structure (for a complete analysis and visualization of all flexible regimes for all structures considered here see SI and http://www.nanoporousmaterials.org/flexibility). This leads to two important concepts. On one hand, the proposed algorithm can be used to construct databases of hypothetical MOFs, with an additional imposed constraint for the MOFs to be rigid. For example, the four hypothetical MOFs identified as rigid suggest general truss networks which can be used as templates to construct other rigid MOFs by varying the linkers. On the other hand, we do not observe as many very flexible MOFs among experimental structures compared to hypothetical structures from our analysis or that of Wilmer et al. Aside from high symmetry of our selection of nets, a tempting explanation is that flexible MOFs are intrinsically much more difficult to synthesize due to structural instability. With insights about large amplitude flexibility we obtained and the resulting algorithms, crystal engineering of flexible and rigid MOFs can now be guided in a systematic way.
